Experience in the selection of patients for aortic valvotomy has shown that two problems commonly arise: first the determination of the severity of the stenosis, and secondly whether the degree of regurgitation is sufficient to preclude successful valvotomy. The clinical aspects of these problems have been discussed recently by Baker and Campbell (1956) . The physiological aspects will be considered in this paper.
The best method of determining the degree of obstruction to flow through a stenotic valve is by the simultaneous measurement of the pressure gradient across the valve and the blood flow through the valve orifice. This principle has been successfully applied to the study of pulmonary and mitral stenosis. The study of aortic stenosis has been hindered by the lack of a safe and simple method of obtaining the left ventricular pressure. Apart from the pioneer work of Buchbinder and Katz (1949) , the first approach to this problem was made by Bjork, Blakemore, and Malmstrom (1954) , who introduced a catheter into the left ventricle through a needle directed percutaneously into the left atrium. The method of direct percutaneous left ventricular puncture has been described recently by Brock, Milstein, and Ross (1956) , who discuss the reasons for adopting this technique.
It is the purpose of this paper to present the results of this investigation in the first 28 patients in whom it has been performed and to discuss their significance. The procedure of left ventricular puncture was initiated by Sir Russell Brock, and carried out by Mr. D. N. Ross at Guy's Hospital and by Mr. B. B. Milstein at Brompton Hospital.
It was considered that the degree of valve obstruction in pure aortic stenosis could be assessed by the simultaneous measurement of the cardiac output and of the systolic gradient across the aortic valve. However, in aortic stenosis with regurgitation it is impossible to measure the total amount of blood expelled through the aortic valve during systole (total left ventricular output), because measurement of the cardiac output by the Fick principle determines only the effective left ventricular output. Since the systolic gradient across the aortic valve is dependent upon the total left ventricular stroke output (effective output plus diastolic regurgitant volume), assessment of the degree of valve obstruction in aortic stenosis with regurgitation by this method becomes unreliable when the degree of regurgitation is more than trivial. MATERIAL There were 20 men and eight women in this series and their ages ranged from 15 to 67 years. In all the patients a diagnosis of aortic stenosis had been made and aortic valvotomy was under consideration. In 11, no diastolic murmur had been heard at any time and they were considered to have pure aortic stenosis. In the remaining 17, an aortic diastolic murmur was present with or without other clinical evidence of aortic regurgitation; they were regarded as having aortic stenosis with a variable, often unknown, degree of regurgitation. Two patients (Cases 6 and 20*) in the latter group had concomitant mitral stenosis and one patient (Case 12) was found to have subvalvar aortic stenosis at operation.
Eighteen patients have been submitted to aortic valvotomy and this group has been subjected to detailed analysis. Of the remaining 10 cases, valvotomy has been advised in one but has not yet been carried out and was considered to be contraindicated in nine.
METHODS
The patient was placed in the supine position and the head was supported by one or two pillows; a needle was then inserted into one or other brachial artery and the intra-arterial pressure continuously recorded; a second needle was then inserted through the chest wall into the left ventricle and the intra- (Courtice and Douglas, 1947) or of Van Slyke (Peters and Van Slyke, 1932) . The use of the brachial arterial pressure pulse in this study introduces a possible error in the measurement of the systolic gradient across the aortic valve, and it would have been preferable to have used the aortic pressure pulse. However, it has been shown by Wright, Toscano-Barboza, and Brandenburg (1956) that the form of the central pressure pulse is transmitted to the periphery more faithfully in aortic stenosis than in the normal.
Our own observations on simultaneous aortic and brachial arterial pressure pulses recorded at operation for aortic stenosis confirm this (Fig. 6 ).
We consider that any error introduced by the use of the brachial arterial pressure pulse is not significant.
Therefore the brachial arterial pressure pulse was used to avoid the additional hazards of aortic catheterization.
RESULTS
The relevant data on all thel patients investigated by this technique are summarized in Table   The Katz and Feil, 1925) and the ratio measured ejection period/ normal ejection period has also been calculated.
AORTIC VALVE AREA
This was calculated using the formula of Gorlin and Gorlin (1951 (Gray, 1956 ). The ejection period was prolonged in all our cases; Fig. 8 Wiggers (1952) showing the phases of the cardiac cycle suggests that this phase, termed by him the maximum ejection phase, normally occupies rather more than half of the total ejection period. In the majority of our cases it was of relatively shorter duration and, more significantly, we found that, with a few exceptions, its length was inversely proportional to the peak systolic gradient (Fig. 7) .
It seems, therefore, that the prolonged ejection period in these cases is due entirely to a prolongation of the time from the left ventricular systolic peak to the end of ejection-the phase of reduced ejection (Wiggers, 1952 PEAK SYSTOLIC GRADIENT.-The systolic gradient across the aortic valve is regularly measured immediately before and after aortic valvotomy to assess the efficacy of the procedure, and it might seem at first sight to be a useful index of the size of the aortic valve orifice for the comparison of one individual with another. Fig. 9 , illustrating the comparison between the peak systolic gradient and the valve size estimated at operation, shows that this is not so, and that a gradient of over 100 mm.
Hg may be recorded at left ventricular puncture when the valve is less than 0.25 sq. cm. or more than 1 sq. cm. These variations must be due to differences in stroke volume: Case 4, with a valve orifice of about 1 sq. cm., and a peak systolic gradient of 120 mm. Hg, had a stroke volume of 132 ml.; in the other cases with a large gradient and a relatively large valve orifice (over 1 sq. cm.) there was evidence of aortic regurgitation which must have been severe enough to produce a considerable increase in stroke volume. Gorlin and others (1955) have claimed that a high systolic gradient could occur in patients with significant aortic regurgitation: we have demonstrated a peak systolic gradient of 100 mm. Hg in such a case (Case 2). There seems no theoretical reason why an even higher gradient should not occur, if the regurgitant volume is large, but, in this series, all the patients with a peak systolic gradient of 120 mm. Hg or over had dominant aortic stenosis.
EJECTION PERIOD.-This can be measured from a phonocardiogram and it would have been extremely valuable if it had been found to be related to the size of the valve orifice. Although, as we have pointed out, it was invariably prolonged in our cases, the degree of prolongation bore no relation to the size of the valve orifice, even if pulse rate variations were eliminated by expressing it as a fraction of the normal ejection period for cycle length. It is probable that, in this case also, variations in stroke volume prevent a better correlation, as Katz and Feil (1925) have shown that a large stroke volume, as in aortic regurgitation, is associated with prolongation of the ejection period, even in the absence of aortic stenosis. This has received confirmation from the finding by Gray (1956) of phonocardiographic evidence of prolongation of left ventricular systole in patent ductus arteriosus, in which condition the left ventricular stroke volume is abnormally large. There was also considerable prolongation of the ejection period in some of the non-operated cases with a trivial gradient (e.g., Cases 23 and 25) and it seems that prolongation of ejection is an earlier manifestation of the left ventricular response to aortic stenosis than the development of a high systolic pressure and a systolic gradient across the valve.
BRACHIAL ARTERIAL PRESSURE PULSE.-The small pulse pressure of aortic stenosis is no longer regarded as a reliable criterion of severity (Kumpe and Bean, 1948; Lewes, 1951) . A wide pulse pressure was found in cases of both mild and severe stenosis in this series (Fig. 9) ; however, our findings suggest that a pulse pressure below 40 mm. Hg is a point in favour of severe stenosis. -Relationship of the surgical estimate of the valve size to the brachial arterial pulse pressure, the measured/normal ejection period, the measuredjnormal brachial arterial upstroke time, the calculated aortic valve area, and the peak systolic gradient in operated cases, excluding Cases 17 and 18 in which the valve size could not be estimated at operation.
The upstroke time of the brachial arterial pressure pulse has been used as a quantitative expression of the slow-rising pulse of aortic stenosis (Goldberg, Bakst, and Bailey, 1954; Gorlin and others, 1955) . We have measured the upstroke time to the peak of the tidal wave, even if it was lower than the percussion wave. But there is some evidence (Fleming, 1956 ) that, in a bisferiens type of pulse, neither percussion nor tidal wave represents the true systolic peak which is obliterated by the Venturi effect of the high-velocity blood stream.
In an anacrotic type of pulse, however, the tidal wave can be regarded as a close approximation to the true systolic peak. A fair degree of correlation has been found between the surgical estimate of the valve size and the systolic upstroke time expressed as a fraction of the normal upstroke time.
The relationship is illustrated in Fig. 9 .
Two patients only, of those represented in this graph, had a bisferiens type of pulse (Cases 2 and 13), and in both the systolic upstroke time was considerably longer than in other cases of comparable severity. These discrepancies can be explained by regarding the tidal wave in such cases as a point on the downstroke of a wave whose peak has been obliterated. Prolongation of the systolic upstroke time was also found in all the non-operated cases, suggesting that this is a very early manifestation of aortic stenosis. AORTIC VALVE AREA.-The interrelationship between systolic gradient, stroke volume, and ejection period has already been emphasized. The aortic valve area, calculated from the formula of Gorlin and Gorlin (1951) , combines all these variables and its relationship to the surgical estimate of the size of the valve is shown in Fig. 9 . 
ASSESSING AORTIC STENOSIS BY LEFT VENTRICULAR PUNCTURE
The two estimates are rarely identical, and, in dominant stenosis, the calculated value tends to over-estimate the size of the valve. The correlation is sufficiently close, however, to convince us that, provided there is no significant degree of aortic regurgitation, the calculated aortic valve area gives a reasonable estimate of the degree of aortic stenosis. This finding emphasizes the importance of determining the cardiac output in conjunction with measurement of the systolic gradient if a reliable assessment of the degree of aortic stenosis is to be obtained.
If significant aortic regurgitation is present, the figure obtained for the aortic valve area is an under-estimate because the cardiac output, measured by the Fick principle, is less than the total left ventricular output. This is illustrated by Case 2, in which the calculated aortic valve area was 0.73 sq. cm.; at operation the valve was found to be larger than 1 sq. cm. Provided this source of error is borne in mind, however, the calculation of the aortic valve area is not without value even if significant aortic regurgitation is suspected. In Case 22, there is clinical evidence of aortic regurgitation, but some doubt as to its severity. The calculated aortic valve area is 1.11 sq. cm. which, by comparison with our other figures, represents quite a mild degree of stenosis and, as the true valve area is almost certainly larger than this, it seems probable that stenosis is not the dominant lesion in this case. We would tentatively suggest that if, in a case where the degree of aortic regurgitation is in doubt, the calculated aortic valve area is more than 1 sq. cm., aortic stenosis is not severe enough to require valvotomy.
THE SIGNIFICANCE OF THE ELECTROCARDIOGRAM
The electrocardiogram is widely used as an objective indication of severity in aortic stenosis. It was decided, therefore, to compare the electrocardiographic findings with the physiological data and the surgical estimate of the aortic valve size. All the patients in this series (both operated and non-operated cases), with two exceptions, were divided into five grades (0-IV) according to the degree of left ventricular hypertrophy on the electrocardiogram, using a modification of the criteria of Sokolow and Lyon (1949) . Positive deflections were measured from the upper border and negative deflections from the lower border of the isoelectric line. 
CONCLUSIONS
The left ventricular pressure pulse in aortic stenosis assumes a fairly typical form. Following a moderately raised end-diastolic pressure, the upstroke rises steeply to a high peaked summit with abbreviation of the isometric contraction time and of the phase of rapid ejection. The phase of reduced ejection and the total ejection period are prolonged. The systolic gradient across the aortic valve, combined with the effective left ventricular stroke volume, provides a good index of the degree of obstruction in pure or dominant aortic stenosis. This is shown by the good correlation between the calculated aortic valve area and the surgeon's estimate of the size of the valve orifice. Concomitant aortic regurgitation produces an increase in the total left ventricular stroke volume and therefore a disproportionately high systolic gradient.
All the cases in this series had an abnormally long brachial arterial upstroke time. This change in the peripheral pulse can arise before there is a measurable systolic gradient across the aortic valve and before electrocardiographic evidence of left ventricular hypertrophy has appeared. In more severe degrees of stenosis further prolongation of the upstroke time is found, exceeding twice the normal length in the most severe. Prolongation of the left ventricular ejection period can also be associated with a trivial systolic gradient and minimal electrocardiographic changes, but, unlike the upstroke time, the ejection period is little further prolonged with more severe degrees of stenosis. Paradoxical splitting of the second heart sound therefore gives no indication of the severity of aortic stenosis. In cases with a systolic gradient across the aortic valve, the brachial arterial upstroke time is already considerably prolonged and there is maximal lengthening of the ejection period. 
